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Brain network connectivity differs in
early-onset neurodegenerative dementia

ABSTRACT

Objective: To investigate functional brain network architecture in early-onset Alzheimer disease
(EOAD) and behavioral variant frontotemporal dementia (bvFTD).

Methods: Thirty-eight patients with bvFTD, 37 patients with EOAD, and 32 age-matched healthy
controls underwent 3D T1-weighted and resting-state fMRI. Graph analysis and connectomics
assessed global and local functional topologic network properties, regional functional connectiv-
ity, and intrahemispheric and interhemispheric between-lobe connectivity.

Results: Despite similarly extensive cognitive impairment relative to controls, patients with EOAD
showed severe global functional network alterations (lower mean nodal strength, local efficiency,
clustering coefficient, and longer path length), while patients with bvFTD showed relatively
preserved global functional brain architecture. Patients with bvFTD demonstrated reduced
nodal strength in the frontoinsular lobe and a relatively focal altered functional connectivity of
frontoinsular and temporal regions. Functional connectivity breakdown in the posterior brain
nodes, particularly in the parietal lobe, differentiated patients with EOAD from those with
bvFTD. While EOAD was associated with widespread loss of both intrahemispheric and inter-
hemispheric functional correlations, bvFTD showed a preferential disruption of the intrahemi-
spheric connectivity.

Conclusions: Disease-specific patterns of functional network topology and connectivity altera-
tions were observed in patients with EOAD and bvFTD. Graph analysis and connectomics may
aid clinical diagnosis and help elucidate pathophysiologic differences between neurodegenera-
tive dementias. Neurology® 2017;89:1764–1772

GLOSSARY
AD 5 Alzheimer disease; bvFTD 5 behavioral variant of frontotemporal dementia; CDR-SB 5 Clinical Dementia Rating
Scale–Sum of Boxes; DMN 5 default mode network; EOAD 5 early-onset Alzheimer disease; FTLD 5 frontotemporal
lobar degeneration; LCW 5 lobar connectivity weight; MMSE 5 Mini-Mental State Examination; NBS 5 network-based
statistics; RS 5 resting-state; SN 5 salience network.

The frequent clinical overlap in early-onset Alzheimer disease (EOAD) and the behavioral var-
iant of frontotemporal dementia (bvFTD) poses serious problems in differential diagnosis with
the consequence that they can be misdiagnosed, even in the most expert centers.1

Brain network connectivity is sensitive to neurodegeneration and may be a useful noninvasive
dementia biomarker. Decreased functional connectivity within the default mode network
(DMN), which is activated during internal tasks such as daydreaming, envisioning the future,
and retrieving episodic memories, has been associated with late-onset Alzheimer disease
(AD)2,3 as well as with EOAD in a few studies.4,5 In bvFTD, multiple studies have described
reduced connectivity in the salience network (SN), which is critical for social-emotional-
autonomic processing, when compared with controls or patients with AD.6–8
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Nevertheless, functional connectivity ap-
proaches used so far do not provide informa-
tion about how networks are embedded and
interact in the complex brain system. With
the advent of graph network analysis, it is
now possible to model and characterize topo-
logically, from a local to a global level, the
functional integrative bases that support brain
behaviors.9 In late-onset AD, graph network
studies demonstrated a widespread alteration
of brain topologic properties.10 In 2 studies
of bvFTD, graph network abnormalities
were found in frontoinsular, temporal, and

subcortical regions.11,12 It remains to be deter-
mined whether this emerging technique can
provide neural substrates explaining the
diversity between bvFTD and EOAD. We
predicted a marked pattern of network alter-
ations including both interhemispheric and
intrahemispheric connections within and out-
side the DMN in patients with EOAD, re-
flecting their multidomain cognitive and
behavioral impairments. On the other hand,
bvFTD would be characterized by a focal dis-
connectivity involving intrahemispheric, fron-
totemporal connections.

Table 1 Demographic and clinical findings in healthy controls (HC), patients with behavioral variant of frontotemporal dementia (bvFTD), and
patients with early-onset Alzheimer disease (EOAD)

HC EOAD bvFTD
p: EOAD
vs HC

p: bvFTD
vs HC

p: EOAD
vs bvFTD

N 32 37 38 — — —

Age at MRI, y 62.3 6 2.6 (58.9–67.0) 62.1 6 3.9 (55.2–69.1) 63.8 6 7.3 (45.5–77.4) 1.00 0.70 0.46

Sex, F/M 17/15 14/24 23/14 0.45 0.17 0.03

Education, y 14.3 6 4.7 (5–24) 10.5 6 4.6 (3–18) 9.6 6 3.6 (4–17) 0.001 ,0.001 1.00

Disease duration, y — 3.5 6 2.0 (0.6–7.9) 3.1 6 2.0 (0.6–8.1) — — 0.40

CDR — 1.0 6 0.5 (0.5–3) 1.0 6 0.57 (0.5–2) — — 0.75

CDR-SB — 4.4 6 1.4 (2.5–8.5) 4.8 6 2.5 (1–9.5) — — 0.60

NPI — 16.3 6 14.3 (3–57) 27.0 6 15.8 (11–60) — — 0.05

Global cognition

MMSE 29.3 6 0.8 (28–30) 19.3 6 4.9 (7–27) 22.7 6 5.8 (8–29) ,0.001 ,0.001 0.01

Verbal and spatial memory

Rey list: immediate recall 45.1 6 9.0 (26–58) 21.0 6 12.0 (3–40) 21.0 6 10.4 (6–41) ,0.001 ,0.001 1.00

Rey List: delayed recall 8.7 6 3.5 (3–14) 1.3 6 1.4 (0–4) 3.3 6 3.2 (0–10) ,0.001 ,0.001 0.25

Rey list: recognition 14.5 6 0.9 (12–15) 5.5 6 4.8 (2–12) 12.4 6 2.8 (7–15) ,0.001 0.23 ,0.001

Digit span 6.1 6 1.2 (4–9) 4.4 6 0.9 (3–6) 4.5 6 1.0 (3–6) ,0.001 ,0.001 1.00

Spatial span 5.6 6 1.0 (4–7) 2.5 6 1.2 (0–4) 3.4 6 1.6 (0–5) ,0.001 ,0.001 0.08

Rey figure recall 17.8 6 6.4 (9.5–33) 3.3 6 5.4 (0–25.5) 8.3 6 5.5 (0–26) ,0.001 ,0.001 0.004

Visuospatial abilities

Rey figure copy 32.6 6 2.6 (27–36) 12.2 6 10.1 (5–32) 20.0 6 9.7 (1.5–36) ,0.001 ,0.001 0.005

Clock drawing test — 1.9 6 2.8 (0–9) 4.6 6 3.8 (0–10) — — 0.01

Attention and executive functions

Attentive matrices 49.2 6 8.3 (32–60) 28.6 6 11.3 (6–49) 37.8 6 11.3 (10–54) ,0.001 0.003 0.003

Raven’s Coloured Progressive Matrices 31.5 6 3.5 (22–35) 13.6 6 7.4 (2–28) 20.3 6 7.8 (0–32) ,0.001 ,0.001 0.001

Semantic fluency 43.2 6 7.8 (27–56) 17.9 6 8.8 (5–40) 22.2 6 11.1 (0–48) ,0.001 ,0.001 0.20

Phonemic fluency 38.2 6 10.8 (18–55) 15.1 6 9.3 (2–39) 13.6 6 11.0 (0–37) ,0.001 ,0.001 1.00

Digit span backward 4.8 6 0.9 (3–6) 2.3 6 1.0 (0–4) 3.4 6 1.0 (2–5) ,0.001 0.001 0.01

Language

Token test 34.3 6 1.6 (30.5–36) 24.6 6 6.2 (10.5–34) 27.1 6 5.6 (13–36) ,0.001 ,0.001 0.22

Abbreviations: CDR-SB 5 Clinical Dementia Rating Scale–Sum of Boxes; MMSE 5 Mini Mental State Examination; NPI 5 neuropsychiatry inventory.
Values are number or mean 6 SD (range). Disease duration is defined as years from onset to date of scan. p Values refer to analysis of variance models,
followed by post hoc pairwise comparisons (Bonferroni-corrected for multiple comparisons).
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METHODS Participants. Thirty-eight patients with a diagno-
sis of bvFTD,1 37 patients with a diagnosis of probable AD13 and

age at onset ,65 years (EOAD), and 32 age-matched healthy

controls were recruited consecutively at the Scientific Institute and

University Vita-Salute San Raffaele, Milan (table 1). The 2 patient

groups were matched for disease duration and severity (table 1).

Fourteen patients with bvFTD were included in a previous anal-

ysis.11 According to established criteria,1,13 the patient diagnoses

were based on a comprehensive evaluation including clinical his-

tory, neurologic examination, neuropsychological testing, structural

routine MRI, and CSF biomarkers. An experienced neurologist

blinded to MRI results performed clinical assessments. Eligibility

criteria included no family history of dementia; no (other) signifi-

cant medical illnesses or substance abuse that could interfere with

cognitive functioning; any other major systemic, psychiatric, or

neurologic illnesses; and absence of other causes of focal or diffuse

brain damage, including lacunae and extensive cerebrovascular

disease at routine MRI. Healthy controls with no history of neu-

rologic, psychiatric, or other major medical illnesses were recruited

among friends and spouses of patients and by word of mouth.

Standard protocol approvals, registrations, and patient
consents. The local ethical standards committee on human

experimentation approved the study protocol and all participants

(or their caregivers) provided written informed consent prior to

study inclusion.

Neuropsychological assessment. Neuropsychological assess-

ment was performed by an experienced neuropsychologist

blinded to MRI results, and evaluated6 global cognitive function-

ing with the Mini-Mental State Examination (MMSE); long- and

short-term verbal memory with the Rey immediate and delayed

recall of 15 words and the digit span; long- and short-term spatial

memory with the Rey figure delayed recall test and the spatial

span; attentive and executive functions with the attentive matri-

ces, the Raven colored progressive matrices, the digit span

backward, and the phonemic and semantic fluency tests; visuo-

spatial abilities with the Rey Figure Copy Test and the Clock

drawing test; and language with the token test. In patients, the

presence of behavioral and psychological symptoms of dementia

was assessed using the neuropsychiatric inventory.

MRI analysis. Using a 3.0T Philips (Best, the Netherlands) Intera

scanner, T2*-weighted single-shot echoplanar images for resting-state

(RS) fMRI (repetition time/echo time 3,000/35 ms, flip angle 908,
field of view 240 mm2, matrix 128 3 128, 200 sets of 30, 4-mm-

thick axial slices) were acquired from all study participants. Appendix

e-1 at Neurology.org reports the complete MRI protocol and details

on RS fMRI preprocessing and construction of brain networks.

Global brain and lobar network analysis. Global and mean

lobar network characteristics were explored using the Brain

Connectivity Matlab toolbox (brain-connectivity-toolbox.net).

Network metrics, including clustering coefficient, characteristic

path length, mean network strength, and local efficiency, were

assessed to characterize the global topologic organization of global

brain and lobar networks.14,15 In order to investigate the network

characteristics in different areas of the brain, the 220 regions of

interest from both hemispheres were grouped into 6 anatomic

macro-areas (hereafter referred to as lobes): frontoinsular lobe,

occipital lobe, temporal lobe, parietal lobe, basal ganglia, and

sensorimotor area. Global and local metrics were compared

between groups using analysis of variance models, followed by

post hoc pairwise comparisons, Bonferroni-corrected for multiple

comparisons (p , 0.05). In addition, in order to assess both

interhemispheric and intrahemispheric lobar connectivity, we

define the lobar connectivity weight (LCW) for each pair of lobes

of the 2 hemispheres (Lx, Ly):

LCW
�
Lx;Ly

�
5

X

ieLx; jeLy

wij ;

where wij is the connectivity weight between regions i and j.16

LCW values were compared between groups by means of t test,
setting the level of significance at p , 0.05 using network-based

statistics (NBS).17,18 A corrected p value was calculated for each

pair of lobes using a permutation analysis (10,000 permutations).

The direct comparisons between patients with EOAD and pa-

tients with bvFTD were adjusted for MMSE.

Regional connectivity analysis. NBS17,18 were performed to

compare regional functional connectivity network data (in terms of

Pearson correlation coefficients) between groups at the level of

significance p , 0.05. The largest (or principal) connected com-

ponent and the smaller clusters of altered connections, which were

not included in the principal connected component,17,18 were stud-

ied and displayed in the corresponding figures. A corrected p value
was calculated for each component using a permutation analysis

(10,000 permutations). The direct comparison between patients

with EOAD and patients with bvFTD was adjusted for MMSE.

Correlation analysis. Exploratory correlation analysis tested

the relationship of global and lobar network metrics with demen-

tia severity (Clinical Dementia Rating Scale–Sum of Boxes

[CDR-SB]) and neuropsychological test scores of patients with

EOAD and patients with bvFTD using the Pearson correlation

(p , 0.05, uncorrected for multiple comparisons). The same

clinical and cognitive scores were also correlated with functional

connectivity data using NBS by means of Pearson correlations.

RESULTS Patients with EOAD relative to controls.

Relative to controls, patients with EOAD showed
severe global functional network alterations (lower
mean nodal strength, local efficiency, and clustering

Table 2 Global graph analysis properties of brain network in in healthy controls (HC), patients with behavioral variant of frontotemporal
dementia (bvFTD), and patients with early-onset Alzheimer disease (EOAD)

HC EOAD bvFTD
p: EOAD
vs HC

p: bvFTD
vs HC

p: EOAD
vs bvFTD

Nodal strength 4.64 6 0.52 (3.78–6.32) 4.29 6 0.37 (3.64–4.98) 4.47 6 0.44 (3.71–5.51) 0.004 0.34 0.03

Path length 9.12 6 1.13 (5.92–11.46) 9.85 6 0.96 (8.31–12.10) 9.33 6 1.09 (7.29–11.59) 0.02 1.00 0.02

Local efficiency 0.42 6 0.04 (0.33–0.55) 0.39 6 0.04 (0.32–0.48) 0.40 6 0.03 (0.34–0.48) 0.005 0.38 0.03

Clustering coefficient 0.36 6 0.03 (0.30–0.44) 0.34 6 0.03 (0.29–0.42) 0.35 6 0.02 (0.31–0.41) 0.01 0.44 0.04

Values are number or mean 6 SD (range). p Values refer to analysis of variance models, followed by post hoc pairwise comparisons (Bonferroni-corrected
for multiple comparisons). The direct comparison between patients with EOAD and patients with bvFTD was adjusted for Mini-Mental State Examination
scores.
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coefficient, and longer mean path length) (table 2).
The analysis of lobar network properties in patients
with EOAD compared with controls showed a prom-
inent involvement of the parietal, occipital, and fron-
toinsular lobes (alterations of all graph analysis
metrics) (figure 1 and tables e-1 and e-2). Further-
more, relative to controls, patients with EOAD
showed a longer mean path length in the temporal
lobe and reduced local efficiency and clustering coef-
ficient in the sensorimotor regions. Patients with
EOAD showed relative to controls a widespread pat-
tern of reduced intrahemispheric LCW, involving
temporal, frontoinsular, parietal, occipital, and senso-
rimotor lobes; and reduced interhemispheric LCW
between right and left temporal lobes, right parietal
and left temporal regions, and left parietal and right
occipital lobes (p 5 0.01; figure 2 and table e-3). At
the regional connectivity level (NBS), compared to
controls, patients with EOAD showed widespread
functional connectivity reductions in pathways link-
ing predominantly medial and lateral temporal,

medial and lateral parietal, and medial frontoinsular
nodes (p , 0.001; figure 3).

Patients with bvFTD relative to controls. Patients with
bvFTD showed no global network abnormalities rela-
tive to controls (table 2). In the frontoinsular lobe, they
showed a reduced nodal strength compared with con-
trols (figure 1 and table e-2). Compared with controls,
patients with bvFTD were characterized by a reduced
intrahemispheric between-lobe LCW linking tempo-
ral, frontoinsular, parietal, and sensorimotor lobes
bilaterally; reduced interhemispheric LCW between
left and right temporal lobes; and increased inter-
hemispheric LCW of left and right parietal lobes with
basal ganglia and right sensorimotor and basal ganglia
areas (p 5 0.02; figure 2 and table e-3). NBS analysis
showed that patients with bvFTD relative to controls
were characterized by a focal pattern of functional
connectivity alterations including frontotemporal
pathways and connections to the motor cortex and
basal ganglia (p 5 0.03; figure 3).

Figure 1 Graph analysis properties of brain lobar networks in healthy controls (HC), patients with behavioral
variant of frontotemporal dementia (bvFTD), and patients with early-onset Alzheimer disease
(EOAD)

Mean values of nodal strength (A), path length (B), local efficiency (C), and clustering coefficient (D) of each brain lobe for HC,
patients with EOAD, and patients with bvFTD. Error bars are shown. *p , 0.05 in patients with EOAD vs HC; 8p , 0.05 in
patients with bvFTD vs HC; †p , 0.05 in patients with EOAD vs patients with bvFTD (see table e-3 for further details). The
direct comparison between patients with EOAD and patients with bvFTD was adjusted for Mini-Mental State Examination
scores.
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Patients with EOAD relative to patients with bvFTD. Pa-
tients with EOAD showed more severe global func-
tional network alterations relative to patients with

bvFTD (table 2). In addition, patients with EOAD
showed lower mean nodal strength, lower local effi-
ciency, and longer mean path length of the parietal

Figure 2 Intralobar and interlobar connectivity weights (LCW) in healthy controls (HC), patients with
behavioral variant of frontotemporal dementia (bvFTD), and patients with early-onset Alzheimer
disease (EOAD)

The figure shows the lobar regions arranged as a ring (the size of the regions being proportional to the number of brain nodes
included; see table e-1 for further details). Red lines indicate decreased LCW in patients with EOAD relative to HC, patients
with bvFTD relative to HC, and patients with EOAD relative to patients with bvFTD. Black lines indicate increased LCW in
patients with bvFTD compared with HC. The direct comparison between patients with EOAD and patients with bvFTD was
adjusted for Mini-Mental State Examination scores. Front-ins 5 frontoinsular; OCC 5 occipital; PAR 5 parietal; Sensmot 5
sensorimotor; TEMP 5 temporal.
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lobe relative to bvFTD cases (figure 1 and table e-2).
The greater abnormalities of the parietal lobe in
EOAD relative to bvFTD were observed also when
only patients with disease duration ,3 years were
considered (MMSE-corrected p values ranging from
0.001 to 0.01). Relative to patients with bvFTD,
patients with EOAD were characterized by a reduced
intrahemispheric LCW between temporal, parietal,
occipital, frontoinsular, sensorimotor, and basal gan-
glia areas bilaterally, and a reduced interhemispheric
LCW between right temporal lobe and left basal gan-
glia (MMSE-corrected p 5 0.003; figure 2 and table
e-3). NBS showed that patients with EOAD relative
to patients with bvFTD were characterized by
a greater impairment of the functional connectivity
in a network linking the hippocampus, medial and
lateral parietal, medial and dorsolateral frontal, occip-
ital and basal ganglia regions (MMSE-corrected p ,

0.001; figure 3). There were no connections with
reduced functional connectivity in patients with
bvFTD relative to patients with EOAD.

Clinical correlations. In patients with EOAD, CDR-
SB and neuropsychological test scores did not corre-
late with network measures. In patients with bvFTD,
global network (r 5 20.35, p 5 0.049 uncorrected)
and frontal lobe (r 5 20.39, p 5 0.03 uncorrected)
path length correlated with semantic fluency scores,
while no association was found with CDR-SB scores.
NBS analysis did not show significant correlations
with clinical or cognitive data in either patient group.

DISCUSSION Using graph analysis and a connec-
tomic approach to explore brain network functional
connectivity in EOAD and bvFTD, we found that

different clinical syndromes result in specific changes
to brain networks. Global topologic organization of
the functional brain network was significantly disrup-
ted in patients with EOAD, while patients with
bvFTD showed a relatively preserved global func-
tional architecture. Patients with bvFTD were charac-
terized by a focal involvement of frontoinsular and
temporal regions. Functional connectivity breakdown
in the posterior brain regions, particularly in the pari-
etal lobe, differentiated patients with EOAD from pa-
tients with bvFTD. Finally, while EOAD was
associated with widespread loss of both intrahemi-
spheric and interhemispheric functional correlations,
patients with bvFTD showed a preferential disrup-
tion of the intrahemispheric connectivity.

As compared with controls, patients with bvFTD
showed reduced functional connectivity in the fron-
toinsular, temporal, and basal ganglia networks bilat-
erally, regions critical for social and emotional
processing, task control, semantically driven personal
evaluation, and maintenance of social decorum. This
finding aligns with the selective, early vulnerability of
frontoinsular, prefrontal, and temporal regions to
frontotemporal lobar degeneration (FTLD) pathol-
ogy19 and previous evidence of functional alterations
in the SN, executive control network, dorsolateral
prefrontal attention network, and semantic appraisal
network in bvFTD.6–8,20 Using graph analysis, fron-
toinsular hubs11 and decreased network centrality in
the bilateral frontoinsular-temporal network12 have
been reported in bvFTD. In a previous analysis,11

we showed that global topologic organization of the
functional brain network in bvFTD was significantly
disrupted relative to healthy controls. Although
methodologic issues related to fMRI analysis might

Figure 3 Affected functional connections in patients with early-onset Alzheimer disease (EOAD) and patients
with behavioral variant of frontotemporal dementia (bvFTD) relative to healthy controls (HC) and
each other (network-based statistic)

Subnetworks show reduced functional connectivity in (A) patients with EOAD relative to HC, (B) patients with bvFTD relative
to HC, and (C) patients with EOAD relative to patients with bvFTD. The direct comparison between patients with EOAD and
patients with bvFTD was adjusted for Mini-Mental State Examination scores. The principal connected component is repre-
sented in red; the other affected connections not included in the principal connected component are shown in green.
Table e-1 reports the names of each brain node with the corresponding number. A 5 anterior; P 5 posterior.
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be a factor in determining these differences (see
below), it is worth noting that the subgroup of pa-
tients with bvFTD included in the earlier analysis11

was clinically more impaired relative to the larger
sample reported in the present study. This finding
would suggest that the functional organization of
brain networks in bvFTD worsens with advancing
clinical severity, in keeping with the network-based
degeneration hypothesis of neurodegenerative
dementia.21 Correlations observed in the present
and previous studies11,12 between functional network
alterations and executive dysfunction in bvFTD cor-
roborate this network paradigm. Notably, we
observed an association between functional network
abnormalities and semantic fluency deficit in patients
with bvFTD. Impaired fluency performance of pa-
tients with bvFTD has been previously related to an
executive deficit in initiation which reduces rate of
word production, leaving unaffected the semantic
structure of the sequences produced.22 Taken
together, these findings highlight how functional con-
nectivity measures may serve as noninvasive markers
of clinical decline in patients with bvFTD and under-
line the strategic importance of applying network
analysis to understand the role of brain connectivity
in disease evolution.

EOAD is characterized by a widespread loss of
functional connection integrity throughout the brain,
although parietal, occipital, and frontoinsular connec-
tions were preferentially affected. The extensive
involvement of multiple functional connections
observed in patients with EOAD might explain their
early global cognitive impairment compared with
late-onset AD, including greater attention, executive,
language, and visuospatial deficits.23 In addition, in
EOAD intensified emotions can take the form of
anxiety, irritability, and affective symptoms.23 Several
imaging and pathologic studies of EOAD have dem-
onstrated greater atrophy and pathologic burden in
parietal and frontal cortex with relative sparing of
hippocampus compared to patients with late-onset
AD.24 Interestingly, patients with EOAD showed
altered network features in the sensorimotor areas,
which may represent an early functional deficit in
a region that is typically affected latest in the disease
process. In addition, most disrupted connections
spanned across cortical lobes, indicating specific vul-
nerability of long-range connections. Several previous
graph analysis studies in classic, late-onset AD25,26 and
amnestic mild cognitive impairment27 showed a global
decrease of functional connectivity, although other
studies did not.28 In late-onset AD, functional discon-
nection was primarily seen in the DMN regions, such
as the precuneus, posterior cingulate, inferior parietal
lobule, and temporal areas, which are known to man-
ifest early AD pathology.26,27,29 Previous studies4,5

using independent component analysis in EOAD
indicated reduced connectivity in the DMN, execu-
tive control, dorsolateral prefrontal, and language net-
works. Our findings are consistent but even more
widespread than those of the previous studies.

Importantly, functional network topology and
connectivity were different in EOAD and bvFTD.
Patients with EOAD showed a more distributed
and severe pattern of altered functional connectivity
in an interconnected neural system including mainly
hippocampal, parietal, and occipital regions. Notably,
parietal lobe functional breakdown differentiated
EOAD from bvFTD also considering patients in
the early phase of the disease (disease duration ,3
years). In AD, amyloid deposits, tissue hypometabo-
lism, and cortical atrophy all converge in posterior
association cortices.30 Previous studies demonstrated
the severe involvement of these regions especially in
EOAD,24,31 in keeping with the severe involvement of
posterior cortical cognitive functions such as word
retrieval, visuospatial functions, arithmetic, and
praxis.23 In diametric contrast to EOAD, drawing,
navigation, and other parietal lobe functions are re-
tained or intensified in bvFTD until late-stage dis-
ease.32 Despite the clinical interest for the differential
diagnosis between EOAD and bvFTD, few RS fMRI
studies have compared the 2 dementias.6–8 In inde-
pendent component analysis reports, patients with
bvFTD have consistently shown decreased functional
connectivity of the SN relative to AD,6,7 while find-
ings in the posterior brain nodes have been inconsis-
tent.6–8 Here we demonstrated the high sensitivity of
graph-based analysis to detect disease-related discon-
nection patterns and its potential use to facilitate (and
possibly improve) clinical diagnosis and fuel new in-
sights into the syndromes’ clinical diversity. fMRI
data should be combined with structural MRI in
future studies to test their relative contributions to
patient classification.

Although we showed that between-lobe connec-
tivity is affected in both dementias, we observed that
patients with EOAD were characterized by loss of
both intrahemispheric and interhemispheric func-
tional correlations, while a preferential disruption of
the intrahemispheric connectivity was found in
bvFTD cases. Following the network paradigm, a spe-
cific disease phenotype emerges from the interaction
between network architecture characteristics and the
properties of abnormal protein that aggregate in that
particular patient.33 With this in mind, we may spec-
ulate that AD- and FTLD-related proteins have a dif-
ferent effect on short- vs long-range connections or
modulate differently the gradient of regional protein
propagation across the vulnerable networks.33 In
absence of pathologic data, longitudinal studies are
required to confirm this possibility.
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Notably, in bvFTD but not in AD, we observed
not only deterioration of specific network connec-
tions, but also enhanced connectivity among the basal
ganglia and relatively unaffected regions, such as pari-
etal lobes and sensorimotor cortices.19,34 Previous
fMRI studies of bvFTD showed the coexistence of
both functional hypoconnectivity and hyperconnec-
tivity.6,7,11,35,36 The classical explanation of this find-
ing is that decreased functional connectivity is a direct
effect of neurodegeneration, while increased connec-
tivity may reflect neural compensation. However, this
can be an oversimplification of a more complex sce-
nario, in which increased connectivity could be also
playing an active role in the pathogenesis of the dis-
ease. First, persistent hyperactivity/connectivity in
some regions may place neurons under undue meta-
bolic stress, reducing their viability and rendering
them susceptible to degeneration.37 In addition, it is
plausible that increased connectivity in remote sites
might also be caused by loss of cortical inhibitory
influence.37

The study is not without limitations. Technically,
network science applied to the human brain has yet to
reach consensus regarding the best way to divide the
brain into its most relevant anatomical units.38 We
defined as nodes 220 similarly sized regions covering
the whole brain, excluding cerebellum. The merits of
this strategy have been debated,39 but it is generally
acknowledged that similarly sized regions of interest
avoid larger regions to have higher connectivity
because of their larger surface. Because parcellation
strategies can markedly affect graph theoretical met-
rics,38,40 comparisons with previous studies using dif-
ferent approaches11 can be challenging. Second,
although RS fMRI data were carefully registered to
and masked with gray matter maps to avoid a regional
atrophy influence, a possible partial volume effect on
our results cannot be excluded. Third, the diagnosis
of neurodegenerative dementia can only be confirmed
by autopsy. Postmortem evaluation was not available
in our study; therefore, the possibility of misdiagnosis
cannot be excluded. Nevertheless, all patients under-
went an extensive dementia screening and were eval-
uated in a multidisciplinary panel including clinicians
specialized in dementia. Fourth, correlation analysis
was not corrected for multiple comparisons. Although
an association between executive dysfunction and
functional network abnormalities in bvFTD has been
reported,11,12 we cannot exclude false-positive find-
ings. Finally, this is a cross-sectional study. Additional
longitudinal studies are needed to assess whether the
functional brain organization changes differently with
the progression of the 2 diseases.

Our study shows that the approach of characteriz-
ing the brain as a network using RS fMRI and graph
theoretical analysis can provide new insights into how

neurodegeneration affects brain function in different
early-onset neurodegenerative dementias. Future stud-
ies that integrate different imaging modalities will be
helpful to clarify whether the disease-specific patterns
of functional changes in EOAD and bvFTD are asso-
ciated with specific structural connectivity alterations.
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